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Objective 


The  objective  of  this  portion  of  the  Improved  High  Hard  Steel 
Program  is  to  investigate  the  ballistic  acceptance  test  in  MIL-A- 
46100  and  to  improve  ballistic  acceptance  test  methods  for  armor 
plate  thicknesses  greater  than  0.725  inches.  This  effort  focused 
on  ballistic  acceptance  testing  methodology.  Metallurgical  and 
processing  aspects  of  MIL-A-46100  high  hardness  steel  was  also 
investigated  and  will  be  reviewed  in  a  future  report  for  this 
project.  The  objective  of  this  combined  effort  is  to  insure 
consistent  ballistic  performance  of  this  steel  armor  plate  and  to 
achieve  the  goal  of  a  plate  acceptance  level  greater  than  95%. 


Introduction 


This  report  is  one  of  three  reports  on  "Development  of 
Improved  High  Hard  Armor  Steel  (MIL-A-46100)  Program"  funded  by  the 
PM,  Survivability  (TACOM) .  The  focus  of  this  report  is  to 
investigate  the  ballistic  acceptance  requirements  of  MIL-A-46100 
and  the  testing  methodology. 

The  current  ballistic  test  requirements  for  High  Hard  armor 
plate  in  MIL-A-46100  are  shown  in  Table  1.  From  ballistic  failure 
rates  detailed  in  previous  investigations  (references  1  and  2),  it 
can  be  concluded  that  little  or  no  problem  is  encountered  in 
meeting  the  minimum  ballistic  requirements  for  plate  less  than 
0.876  inches  thick  or  greater  than  1.486  inches  thick.  However, 
MIL-A-46100  plate  with  thicknesses  between  0.876  and  1.486  suffers 
ballistic  rejection  rates  of  20%.  This  effort,  therefore, 
concentrated  on  issues  related  to:  1)  thicknesses  greater  than 
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Background 


An  examination  of  the  test  projectiles  used  in  MIL-A-46100 
(Table  1)  shows  that  for  low  failure  rate  material  (thickness  range 
of  0.125  inches  to  0.765  inches),  the  0.30  Cal  AP  M2,  0.50  Cal  AP 
M2,  and  14.5mm  API  B32  projectiles  are  specified.  The  core  or 
penetrator  material  for  these  projectiles  is  hard  steel  (HRC61-66)  ; 
furthermore,  plate  impact  is  conducted  at  30°  obliquity.  For  armor 
plate  greater  than  0.765  inch  thick,  the  penetrator  material  for 
the  specific  test  projectile  (14.5mm  BS41  and  20mm  M602)  is 
cemented  tungsten-carbide  (WC) .  The  use  of  this  ultra  high¬ 
hardness  brittle  penetrator  material  can  lead  to  a  large  variation 
in  plate  V50  ballistic  limit.  The  brittle  properties  of  the 
tungsten  carbide  core  material  lead  to  premature  fracture  upon 
impact  which  in  turn  result  in  inconsistent  V5C  values.  In  some 
cases  a  shatter  gap  could  exist.  Shatter  gap  is  a  condition  where 
the  same  armor  plate  will  have  two  V5Q  ballistic  limits,  with 
differences  greater  than  the  150  ft/sec  spread  allowed  in 
determining  the  V50.  Shatter  gap  occurs  because  the  projectile  core 
(in  this  case,  tungsten  carbide)  may  or  may  not  shatter  (break  up) 
upon  impact.  Shattering  of  the  core  is  not  consistent  and  is  a 
function  of  impact  velocity  of  the  projectile,  hardness  of  the 
plate,  makeup  of  the  plate  (chemistry,  processing,  etc.)  and  also 
thickness  of  the  plate  with  respect  to  the  diameter  of  the 
projectile . 

Another  factor  that  could  be  contributing  to  high  failure  rate 
is  the  0°  obliquity  impact  requirement  for  testing  with  the  20mm 
API-T  M602  projectile.  It  has  been  noted  that  testing  at  0° 
obliquity  increases  the  propensity  for  steel  armor  plate  to  fail  in 
adiabatic  shear  upon  impact  by  the  projectile.  This  shearing 
process  results  in  the  formation  of  a  plug  of  diameter 
approximately  equal  to  that  of  the  penetrator  and  ejection  of  the 
plug  from  the  armor  plate,  thereby,  reducing  plate  resistance  to 
penetration . 

The  problem  presented  by  tungsten  carbide  test  projectiles, 
shatter  gap  and  adiabatic  shear,  although  noted  previously  by  many 
investigators,  has  not  been  addressed  or  documented  in  a  manner 
which  could  alleviate  the  problem  of  high  ballistic  failure  rates 
for  MIL-A-46100  material.  That  is  the  purpose  of  this  work. 
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Procedure 


The  investigation  was  divided  into  three  Phases.  Phase  I  will 
deal  with  the  results  of  changing  the  impact  obliquity.  Phase  II 
will  deal  with  changing  the  test  projectile  utilizing  ARL/MD 
produced  plates  and  Phase  III  will  investigate  the  test  projectile 
used  in  Phase  II  against  plates  produced  by  Lukens  Steel. 

PHASE  I 


It  was  originally  thought  that  the  high  failure  rate  of  MIL-A- 
46100  armor  plate  at  a  thickness  of  approximately  l.l  inches  could 
be  reduced  if  the  ballistic  acceptance  test  was  modified  only 
slightly.  By  changing  the  obliquity  angle  from  0°  to  30°  for  the 
20mm  M602  projectile,  it  was  believed  that  increase  in  line-of- 
sight  thickness  would  eliminate  the  high  level  of  scatter  and 
shatter  gap  phenomena  that  was  occurring  in  the  plate  thickness 
area  of  1.1  inches.  Thicker  plate  was  not  exhibiting  this  high 
level  of  scatter  and  failure.  At  30°  obliquity  the  line  of  sight 
thickness  is  increased  by  15.53. 

Phase  I  ballistic  testing  at  both  0°  and  30'’  obliquity  was 
performed  on  thirty-eight  (38)  high  hardness  plates  by  Combat 
Systems  Test  Activity  (CSTA)  at  APG .  These  plates,  ranging  from 
0.862"  to  1.598"  in  thickness,  were  produced  by  Lukens  Steel  per 
MIL-A-46100.  The  majority  of  the  plates  were  near  the  critical 
1.1"  thickness  value.  The  first  eight  (8)  plates  listed  in  Table 
3  (thickness  less  than  1.066  inches)  were  first  tested  with  the 
14.5mm  API  BS4 1  Projectile  at  30°  obliquity  as  required  by  MIL-A- 
46100.  All  thirty-eight  (38)  plates  were  then  tested  against  the 
20mm  M602  projectile  at  the  proposed  30°  obliquity  angle  (see  Table 
2  for  proposed  change  in  requirements) .  Test  results  are  reviewed 
in  the  Discussion  Section  of  this  Report. 

PHASE  II 


Phase  II  ballistic  testing  explored  the  notion  of  changing  the 
test  projectile  and  compare  the  results  obtained  with  a  1/2  scale 
30mm  APDS  tungsten  projectile  and  the  20mm  M602  projectile. 
Fifteen  (15)  high  hardness  plates  were  ballistically  tested  at  0° 
obliquity  against  both  projectiles.  Heats  produced  by  ARL/MD  were 
processed  to  produce  plates  close  to  1.1"  in  thickness.  A  nominal 
chemical  composition,  as  shown  below  ,  for  MIL-A-46100  material  was 
used.  The  nominal  composition  was  determined  by  averaging  the 
composition  of  acceptable  plates  from  reference  2. 


Carbon  -  0.30  % 
Manganese  -  0.90  % 
Silicon  -  0.42  % 
Nickel  -  1.05  % 


Chromium  -  0.55  % 

Molybdenum  -  0.55  % 
Phosphorus  -  0.011  % 
Sulfur  -  0.002  % 
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PHASE  III 


Phase  III  ballistic  testing  expanded  on  Phase  II  and  included 
further  tests  with  steel  plate  produced  by  Lukens  Steel  per  MIL-A- 
46100.  Seven  plates  (12"x36")  were  cut  into  12"xl2"  plates  and 
ballist ical ly  tested  versus  the  1/2  scale  30mm  APDS  and  the  20mm 
M602  projectiles  at  0°  obliquity.  A  select  number  of  the  I2t,xl2" 
plates  were  re-heat  treated  and/or  reprocessed  to  the  1.1"  thick 
plate . 


Discussion 


PHASE  I 


Results  of  Phase  I  ballistic  testing  revealed  that  V5J  values 
for  the  20mm  M602  projectile  at  30°  obliquity  are  no  more  consistent 
than  those  obtained  at  0°  obliquity.  Test  results  are  summarized 
in  Table  3  and  displayed  in  Figure  1.  These  results  are  taken  from 
Reference  3.  It  is  readily  observed  that  the  scatter  in  the  M602 
data,  based  on  the  variance  from  the  least  squares  curve  fit,  is 
greater  for  the  proposed  30°  impact  condition  than  the  current 
requirement  of  0°.  The  failure  rate  for  these  thirty-eight  plates 
at  30°  obliquity  was  calculated  to  be  23.7%.  Based  on  these 
results,  it  was  decided  to  pursue  a  replacement  for  the  20mm  M602 
and  14.5mm  API  BS41  tungsten  carbide  projectiles,  for  material  of 
thicknesses  0.876"  to  1.485". 

Following  a  review  of  the  literature  and  historical  data  base 
for  steel  and  tungsten  carbide  core  projectiles,  it  was  determined 
that  a  tungsten  core  projectile  could  satisfy  the  ballistic 
acceptance  testing  requirements  for  high  hardness  steel  armor 
plate.  The  1/2  scale  30mm  APDS  tungsten  penetrator  was  selected  as 
the  candidate  test  projectile.  Available  tungsten  rounds,  such  as, 
the  25mm  APDS  projectile,  were  also  considered.  For  this  latter 
projectile,  the  Vso  values  for  the  material  in  the  thickness  range 
of  interest  would  be  well  below  practical  launcher  velocities.  At 
these  low  velocities  it  would  be  difficult  to  control  both  strike 
velocity  and  projectile  yaw,  test  parameters  important  to 
development  of  a  practical  and  reproducible  ballistic  acceptance 
test . 

PHASE  II 


Feasibility  of  using  the  1/2  scale  30mm  APDS  penetrator 
required  ballistic  testing  of  high  hardness  steel  plates  across  the 
thickness  range  of  0.876"  to  1.485" .  These  plates  were  produced  by 
ARL/MD  and  processed  to  the  required  thickness  and  hardness  levels. 
Ballistic  testing  focused  on  the  critical  thickness  of  1.1",  plate 
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thickness  of  highest  failure  rate,  as  determined  from  ARL-TR-218. 
Processing  and  heat  treating  parameters  used  for  all  the  ARL/MD 
heats  is  given  in  Appendix  A. 

Test  results  versus  the  1/2  Scale  30mm  and  the  20mm  M602 
projectile  are  listed  in  Tables  4A,  4B,  5A,  5B,  6A  and  6B.  It  is 
readily  apparent  that  the  1/2  scale  30mm  yields  very  consistent  V50 
ballistic  impact  values.  However,  the  ARL/MD  produced  plates  also 
showed  consistent  V50  values  with  the  20mm  M602  projectile.  Heat  Z- 
70B-8  was  produced  to  determine  whether  ARL/MD  produced  plates 
indeed  meet  the  current  ballistic  requirement  of  MIL-A-46100  across 
a  wider  thickness  range  then  shown  in  Tables  4A,  5A,  and  6A.  (see 
Table  7).  The  results  obtained  show  ARL/MD  material  meets 
ballistic  specif icat ion  requirements. 

Further  ballistic  testing  was  required  to  show  any  advantage 
in  changing  test  projectile.  The  armor  plates  originally  tested  at 
CSTA  (Table  3)  were  re-tes.ted  at  ARL/MD  with  the  20mm  M602 
projectile  at  0°  obliquity  (see  Table  8)  and  with  the  1/2  scale  30mm 
APDS  Projectile  (see  Table  10) .  Careful  ballistic  testing  of  these 
plates  (Lukens  material)  with  _he  20mm  M602  projectile  resulted  in 
multiple  V50  values  (shatte*  gap  phenomena).  However,  this  was  not 
the  case  with  ARL/MD  heats  '7-  /OB-1 , 2 , 7 , and  8)  for  which  singular 
V50  values  were  obtained  (Tables  4A,  5A,  6A  and  7).  Only  when 
ARL/MD  heats  provided  plate  with  high  carbon  content  (>0.31%)  was 
a  shatter  gap  observed  (see  Table  9) .  When  all  plates,  both  ARL/MD 
and  Lukens  produced,  were  tested  with  the  1/2  scale  3  0mm  APDS 
projectile,  results  proved  consistent  (see  Tables  10  &  11) .  The 
results  were  provided  to  CSTA  and  subsequently  modeled  for  an 
initial  acceptance  requirement  for  the  1/2  scale  30mm  APDS 
projectile  (see  Figure  3).  This  acceptance  curve  will  be  used  for 
comparisons  only;  the  final  acceptance  requirement  (model)  that 
will  be  used  in  the  specification  will  be  developed  by  CSTA  at  the 
conclusion  of  this  effort. 

PHASE  III 

The  results  of  Phase  III  are  summarized  in  Tables  12A  -  12G. 
Lukens  plates  designated  'as  is'  were  tested  at  CSTA.  Additional 
plates  (12"x  36")  from  the  same  lot  (and,  therefore,  from  the  same 
heat)  were  provided  by  Lukens  to  ARL/MD  and  were  tested  by  ARL/MD 
in  the  following  conditions:  1)  'as  received';  2)  're-heat  treated' 
(see  Appendix  A  for  parameters);  and  3)  'rolled  to  1 . 1  inch'.  The 
results  show  that  in  some  cases  the  'as  received'  plates  failed  the 
20mm  M602  requirement  when  its'  counter  part  'as  is'  plate  passed 
the  requirement.  One  of  these  plates  had  a  shatter  gap.  Plates 
that  were  're-heat  treated'  passed  all  the  ballistic  requirements. 
All  the  plates  that  were  'rolled  to  1.1'  failed  the  20mm  M602 
ballistic  requirement  and  one  plate  also  had  a  shatter  gap.  For 
all  the  plates  that  were  tested  'as  received'  or  'rolled  to  1.1' 
with  the  1/2  scale  30mm  projectile  all  but  one  plate  passed  the 


5 


proposed  ballist: c  limit  (note  that  the  acceptance  requirements  for 
the  1/2  scale  30mm  APDS  projectile,  as  mentioned,  is  not  the 
final).  The  final  requirement  that  will  be  included  in  the 
specification  (MIL-A-46100)  is  to  be  generated  by  CSTA  at  a  later 
date. 


To  demonstrate  the  consistency  of  data  obtained  with  the  1/2 
scale  30mm  APDS  projectile  as  compared  to  the  20nm  M602  Projectile 
all  the  data  generated  for  this  effort  was  plotted  in  Figure  3. 
The  acceptance  requirements  for  both  projectiles  are  also  shown  in 
Figure  3  so  that  one  can  graphically  see  the  difference  in 
requirements.  Failure  rates  decrease  markedly  for  the  tungsten 
test  projectile  when  compared  with  the  tungsten-carbide  core 
projectile.  Although  this  effort  did  not  investigate  the  14.5mm 
API  BS4 1  Projectile,  it  is  believed  that  the  same  problems  exists 
with  this  round.  A  review  of  the  data  base  generated  from 
reference  2  indicates  a  higher  than  normal  failure  rate  for  the 
14.5mm  API  BS41  Projectile;  also  there  are  examples  of  what  are 
believed  to  be  a  shatter  gap  problem. 


Conclusions 


1.  The  1/2  scale  30mm  APDS  tungsten  projectile  results  in 
consistent  V50  ballistic  limit  results  with  no  shatter  gap  phenomena 
when  tested  against  all  variants  of  MIL-A-46100  armor  plate  (Lukens 
produced,  ARL/MD  produced,  and  reprocessed  material) . 

2.  A  V50  shatter  gap  exists  with  industry  produced  plates  and  also 
with  high  carbon  ARL/MD  produced  plates  versus  the  20mm  M602 
projectile  (currently  used  in  MIL-A-46100  for  acceptance  testing) . 
This  is  illustrated  in  Figure  2. 

3.  A  proposed  ballistic  test  requirement  matrix  for  MIL-A-46100  is 
provided  in  Table  13.  Specifically,  the  1/2  scale  30mm  APDS 
tungsten  projectile  is  recommended  in  lieu  of  the  14.5mm  BS41  and 
the  20mm  M602  tungsten  carbide  projectile  in  the  critical  thickness 
range  of  0.876  to  1.485  inches. 
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Recommendations 


1.  Drawings  for  the  1/2  scale  30mm  APDS  Projectile  (Figure  4) 
including  the  required  sabot  (Figure  5) ,  etc.  be  provided  by  ARL/MD 
to  CSTA  to  facilitate  production  of  the  round  and  begin  testing 
plates  (industry  produced)  to  generate  the  ballistic  requirements. 

2.  Contact  Industry  Representatives  to  provide  plates  of  various 
thicknesses  for  ballistic  testing  at  CSTA. 

3.  Develop  Vso  ballistic  acceptance  curves  for  the  1/2  scale  30mm 
APDS  projectile  in  the  thickness  range  of  0.876  to  1.485  inches. 
It  should  be  noted  that  the  thickness  range  for  the  14.5mm  API  B32 
Projectile  was  increased  and  therefore,  CSTA  will  need  to  extend 
the  ballistic  acceptance  tables  for  this  round. 

4.  Modify  the  current  MIL-A-46100  Specification  by  incorporating 
the  new  ballistic  tables  generated  by  CSTA  (see  Table  13). 

5.  Complete  the  over-all  effort  by  utilizing  remaining  ARL/MD  heats 
to  provide  juidelines  to  industry  on  chemistry  and  processing  on 
MIL-A-46100  material. 
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TABLE  1 


MIL  SPEC  MIL-A-4 6 100  REVISIONS  C  AMD  ~  &  D 

TABLE  OF  REQUIRED  ARMOR  PLATE  THICKNES  .ANGES 

AS  A  FIJNCTION  OF  PROJECTILE  CALIBER 

- - 

PROJECTILE 

[CALIBER] 

OBLIQUITY 

[DEGREES] 

THICKNESS  RANGE 
[ INCHES] 

CAL  0.30  AP  M2 

30 

0 . 125-0 .315 

CAL  C .  50  AP  M2 

30 

C . 316-0 . 590 

14.5mm  API  B32 

30 

0 . 591-0 .765 

14 . 5mm  API  BS4  1 

30 

0.766-1.065 

0 

1 . 066-2 . 100 

TABLE  2 


MIL  SPEC  MIL-A-46100 

PROPOSED 

BALLISTIC  REQUIREMENTS 

PROJECTILE 

[CALIBER] 

OBLIQUITY 

(DEGREES] 

THICKNESS  RANGE 
[ INCHES] 

CAL  0.3  0  AP  M2 

30 

0 . 125-0 . 315 

CAL  0.50  AP  M2 

30 

0 . 316-0 . 590 

14 . 5mm  API  B32 

30 

0 . 591-0 . 875 

20mm  API -T  M602 

30 

0 . 876-1.485 

20mrn  API -T  M602 

0 

1 .486-2 .  100 
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TABLE  3 


1— - - - - - - - - — - — - 

RESULTS  OF  BALLISTIC  TESTING 

HEAT 

# 

FIRING 

RECORD 

NUMBER 

THICK¬ 

NESS 

(INCH) 

14.5mm  BS41  at 
30°  OBLIQUITY 

V50  EXCESS£ 

(FT/SEC) 

20mm  M602  at 

30°  OBLIQUITY 

V50  EXCESS'1 

(FT/SEC) 

ARL 

/MD 

# 

1 

R4806 

92001490 

0.862 

2513 

-9 

2126 

■ 

-- 

R9167 

93000373 

0 . 375 

2618 

66 

1846 

68 

— 

R4806 

92001688 

0.882 

2586 

17 

2017 

216 

-- 

R4806 

92001687 

0.885 

2591 

15 

1880 

69 

-- 

R9167 

93000372 

0.887 

2618 

37 

2019 

201 

—  — 

R7948 

9200148° 

0.992 

2912 

97 

2288 

154 

-- 

R7455 

92001192 

1.005 

2928 

85 

54 

8H 

R9167 

93000384 

1.010 

2928 

74 

2219 

35 

-- 

20mm  M602  at 

0°  OBLIQUITY 

R7138 

92001131 

1.114 

1954 

30 

2604 

152 

XX 

R5390 

92001127 

1.118 

"  '  " 

2018 

87 

2367 

-95 

6F 

R8250 

92001464 

1 . 120 

1967 

33 

2700 

233 

91 

R3650 

92000495 

1.120 

2100 

166 

2617 

150 

4  D 

R82  50 

92001715 

I 

1967 

33 

2479 

12 

l 

l 

R82  50 

92001714 

1.121 

1787 

-149 

2508 

39 

1  IK 

R8250 

93000209 

1998 

59 

2414 

-60 

2  B 

R8250 

92001465 

1.127 

1832 

-114 

mm 

-39 

10J 

R4806 

92001713 

1.127 

2055 

109 

2520 

36 

1 

1 

R84  2  4 

93000207 

1.127 

2046 

100 

■89 

-7  0 

12L 

R3650 

92000494 

1. 134 

1932 

-25 

2373 

-128 

3  C 

*  Variance  from  ballistic  requirement  of  MIL-A-46100D.  Negative 
sign  (-)  indicates  a  failure. 


b  Variance  from  least  square  fit  curve  for  the  38  plates  tested 
at  30°  obliquity.  BL  =  [1000  X  (12.472  t  -  7.399)12]  -  97, 
where  t  =  thickness.  Negative  sign  (-)  indicates  a  failure. 
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TABLE  3 

(continued) 


RESULTS  OF  BALLISTIC  TESTING 

HEAT 

# 

FIRING 

RECORD 

NUMBER 

THICK¬ 
NESS 
( INCH) 

20mm  M602  at 

0°  OBLIQUITY 

V50  EXCESS* 

(FT/SEC) 

20mm  M602  at 

30°  OBLIQUITY 

Vso  EXCESS'5 

(FT/SEC) 

ARL 

/MD 

# 

R6348 

92001006 

1.140 

1860 

-108 

2384 

-131 

5E 

R6857 

92001130 

1. 140 

2055 

87 

2452 

-63 

7G 

R8983 

92001716 

1.144 

2033 

59 

2546 

21 

-- 

R8250 

93000094 

1.180 

2209 

176 

2748 

139 

1A 

R6430 

92001134 

warn 

2143 

18 

1 

197 

-- 

R8250 

92001734 

2226 

85 

2952 

188 

-- 

R6857 

92001005 

■HM 

2184 

43 

2922 

158 

-- 

R7138 

92001135 

1.250 

2162 

19 

2893 

127 

-- 

R8  4  24 

RSI 

2163 

16 

2818 

46 

-- 

c 

1.260 

2084 

-74 

2781 

-6 

-- 

R7948 

93000223 

1.269 

2365 

194 

3031 

mem 

-- 

R7948 

93000224 

2272 

98 

3085 

274 

-- 

R4820 

92000829 

2277 

-32 

2838 

-164 

-- 

R4820 

92000828 

2287 

-26 

3002 

-6 

— 

R7  948 

93000001 

| 

2418 

93 

3258 

mem 

— 

R4820 

92001062 

1.384 

EMM 

122 

3271 

227 

__ 

A 

1 . 390 

2367 

20 

3317 

261 

B 

B 

1 . 390 

2270 

-77 

3175 

mm 

B 

R8250 

93000095 

1 . 598 

2757 

134 

3797 

353 

-- 

*  Variance  from  ballistic  requirement  of  MIL-A-46100D.  Negative 
sign  (-)  indicates  a  failure. 

b  Variance  from  least  square  fit  curve  for  the  38  plates  tested 
at  3 0y  obliquity.  BL  =  (  1000  x  (12.472  t  -  7.399),:]  -  97, 
where  t  =  thickness.  Negative  sign  (-)  indicates  a  failure. 
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TABLE  4 A 


BALLISTIC  RESULTS  FOR  ARL/KD  HEAT  #  2-70B-1 


20mm  M602  at  0°  OBLIQUITY 


PLATE 
ID  # 

TEST 

NO. 

Vso 

(FT/SEC) 

SPREAD 

(FT/SEC) 

’  'a 

HARDNESS 

(RHC) 

1 

138-93 

2079 

110 

1.122 

48 

3 

137-93 

1974 

56 

1.132 

48 

5 

1983 

53 

1 .  119 

48 

7 

136-93 

2035 

108 

1 .135 

48 

TABLE  4B 

BALLISTIC  RESULT3  FOR  ARL/MD  HEAT  #  Z-70B-1 


30mm  1/2  SCALE  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

V50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

2 

T-54-93 

3646 

71 

1.130 

48 

4 

T-57-93 

3683 

7  7 

1 .  124 

52 

6 

T-63-93 

37  2  1 

47 

1.136 

48 

8 

T-64-93 

3783 

126 

1. 139 

48 

TABLE  SA 


BALLISTIC  RESULTS  FOR  ARL/MD  HEAT  #  2-7 OB-2 


20nun  M602  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

V50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

1 

129-93 

1992 

114 

1.120 

48 

3 

128-93 

1993 

48 

1.106 

48 

5 

132-93 

2011 

68 

1.131 

48 

7 

■HM 

2008 

148 

1 . 132 

48 

9 

130-93 

2011 

77 

1 . 137 

48 

TABLE  SB 

BALLISTIC  RESULTS  FOR  ARL/MD  HEAT  #  Z-70B-2 


30mm  1/2  SCALE  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

V5o 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

2 

T-55-93 

3687 

45 

1.126 

48 

4 

T-68-93 

3671 

129 

1.130 

48 

6 

T-67-93 

3749 

67 

1.143 

48 

8 

T-66-93 

3753 

136 

1.133 

48 

10 

T-65-93 

3721 

122 

1 . 132 

48 
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TABLE  6A 

BALLISTIC  RESULTS  FOR  ARL/MD  HEAT  #  2-70B-7 


20nun  M602  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

V50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

1 

143-93 

2020 

124 

1.126 

52 

3 

142-93 

2020 

110 

1.121 

48 

5 

141-93 

2034 

87 

1.118 

48 

7 

140-93 

2115 

105 

1 . 134 

48 

TABLE  6B 

BALLISTIC  RESULT 3  FOR  ARL/MD  HEAT  #  Z-70B-7 


30mm  1/2  SCALE  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

v50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

2 

T-56-93 

3668 

76 

1.116 

48 

4 

T-69-93 

3776 

112 

1 . 149 

48 

6 

T-70-93 

_ 

3643 

57 

1  .  123 

52 

8 

■BHB1 

3682 

96 

1.119 

52 
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TABLE  7 


BALLISTIC  RESULTS  FOR  ARL/MD  HEAT  #  Z-70B-8 


20mm  M602  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

v50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

REQ. 

V5o 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

1 

152-93 

2053 

83 

1927 

1 . 116 

48 

2 

155-93 

2020 

81 

1968 

1 . 140 

48 

3 

156-93 

1984 

95 

1.  116 

48 

4 

157-93 

1611 

98 

N/A 

1.005 

48  | 

5 

158-93 

2147 

60 

2093 

1.213 

mam 

6 

159-93 

2325 

49 

2203 

1 . 290 

48 

7 

160-93 

2439 

64 

2355 

1 . 396 

52 

8 

161-93 

2552 

103 

2541 

1.534 

50.2 

5 


TABLE  8 

ARL/MD  BALLISTIC  RESULTS  FOR  CSTA  SHOT  MATERIAL 


20mm  M602  at  0°  OBLIQUITY 

PLATE 
ID  # 

TEST 

NO. 

WfiSm. 

SPEC 

REQ. 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARD 

NESS 

(RHC) 

CSTA's 

V5o 

(FT/SEC) 

494 

139-93 

2068 

1959 

1.135 

51.2 

1932 

warn 

135-93 

1907 

1993 

1.115 

EH 

1954 

1715 

185-93 

1749 

1943 

1.125 

48.8 

1967 

0829 

169-93 

2119 

2319 

1.370 

48.3 

2277 

1716 

171-93 

1928 

1968 

1.140 

49.6 

2033 

1134 

186-93 

1966 

HH91 

1 . 244 

47 . 8 

2148 

0211 

168-93 

2130 

2147 

— 

49 . 3 

2163 

- __ji 

NOTES:  1)  Plate  #1715  shows  a  potential  for  a  shatter  gap, 

however,  there  was  not  enough  material  to  shoot  and 
verify. 

2)  Plate  #1134  had  a  4  shot  V}0  of  2073  feet/sec. 

3)  Plate  ID  #  is  the  last  4  digits  of  the  CSTA  firing 
record  from  Table  3. 
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TABLE  9 


BALLISTIC  RESULTS  OF  ARL/MD  HEATS 
20mm  M602  at  0°  OBLIQUITY 


Z-70A 

PLATE 

ID  # 

TEST  NO. 

HIGH 

V5o 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

LOW  V50 
(FT/SEC) 

HARDNESS 

(RHC) 

7 

164-93 

1861 

1.050 

1778 

52.5 

8 

163-93 

1851 

1.035 

1  744 

52 

9 

162-93 

1893 

1.055 

— 

52 

4 

178-93 

1921 

1.043 

— 

51 

6 

180-93 

1908 

1.042 

1793 

51 

5 

181-93 

1830 

1.039 

1739 

wmm 

Z-51H  j 

C 

184-93 

1928 

1.076 

— 

49 

A 

173-93 

1827 

1 . 025 

-- 

49 
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TABLE  10 


ARL/MD  BALLISTIC  RESULTS  FOR  CSTA  SHOT  MATERIAL 


30nun  1/2  SCALE  at  0°  OBLIQUITY 

PLATE 
ID  § 

TEST 

NO. 

v50 

(FT/SEC) 

SPREAD 

(FT/SEC) 

ACTUAL 

THICKNESS 

(INCH) 

HARDNESS 

(RKC) 

2B 

0209 

T61-93 

3844 

4 

1.132 

50 

4D 

0495 

T59-93 

3874 

13 

1.142 

47 

8H-1 

1192 

T60-93 

3344 

108 

1 . 008 

50 

91 

1464 

T62-93 

3639 

” 

99 

1.127 

47 

11K 

1714 

' 

T58-93 

3672 

79 

1.125 

49 

TABLE  11 

BALLISTIC  RESULTS  OF  ARL/MD  HEATS 
30mm  1/2  Scale  at  0l  OBLIQUITY 


HEAT  # 

PLATE  # 

TEST  # 

v50 

(FT/SEC) 

THICKNESS 

(INCH) 

HARDNESS 

(RHC) 

Z-70A 

1 

T-l-94 

3632 

1 . 066 

51.4 

Z-70A 

3 

T-2-94 

■■ 

1 . 068 

53 . 4 

13 


TABLE  12A 


BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


20mm  M602  at  0 

0  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 

COMMENTS 

HEAT 

# 

PLATE 

# 

SIZE 

(INCH2) 

THCK 

(INCH) 

Kg 

— 

3  0mm 
1/2 

V50 

(FT/ 

SEC) 

ACCEPT 

V5o 

,  FT/ SEC) 

P 

/ 

F 

AS  IS 

R6857 

12B 

12x36 

1 . 140 

2055 

— 

1968 

P 

AS 

RECEIVED 

R6857 

LAI 

12X12 

1.153 

1376 

— 

1989 

F 

RE-HEAT 

TREATED 

R6857 

LA  2 

12x12 

1.141 

1996 

— 

1969 

P 

AS 

RECEIVED 

R6857 

LA  3 

12x12 

1.141 

— 

3785 

3649 

P 

TABLE  12B 

BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


COMMENTS 

HEAT 

PLATE 

SIZE 

THCK 

* 

# 

(INCH2) 

(INCH) 

20mm  M602  at  0°  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 


3  0mm 
1/2 
V50 
(FT/ 
SEC) 


12x36  1.114 


12x12 


AS  IS 

R7138 

2  AB 

AS 

RECEIVED 

R7138 

LB1 

RE-HEAT 

TREATED 

R7  1 3  8 

LB  2 

AS 

RECEIVED 

R7138 

LB3 

12x12 


1.124 

1791 

2003 

1.123 

1972 

TABLE  12C 


BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


20mm  M602  at  0°  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 

COMMENTS 

HEAT 

# 

PLATE 

# 

SIZE 
( INCH2) 

THCK 

(INCH) 

jUgaW 

■aiK— ■ 

ACCEPT 

V50 

(FT/SEC) 

P 

/ 

F 

AS  IS 

R7138 

IBB 

12x36 

1.250 

2162 

— 

2143 

P 

AS 

RECEIVED 

R7133 

LC1 

12X12 

1.250 

2180 

— 

2143 

P 

AS 

RECEIVED 

R7138 

LC2 

12x12 

1.249 

— 

4076 

3959 

P 

AS 

RECEIVED 

R7  138 

LC3 

12x12 

m 

— 

4087 

3948 

P 

1 

TABLE  12D 


BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


2 Cmm  M602  at  0°  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 

COMMENTS 

HEAT 

# 

PLATE 

# 

THCK 

(INCH) 

in 

ACCEPT 

v50 

(FT/SEC) 

P 

/ 

F 

AS  IS 

C0917 

7 

12X36 

1.258 

2187 

— 

m 

P 

AS 

RECEIVED 

C0917 

LDl 

12X12 

1.256 

2189 

— 

P 

AS 

RECEIVED 

C0917 

LD2 

12x12 

1.260 

— 

4  117 

3989 

P 

AS 

RECEIVED 

C0917 

LD3 

12X12 

Wm 

— 

m 

3992 

P 

20 


TABLE  12 E 


BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


20mm  M602  at  0“  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 

COMMENTS 

HEAT 

# 

PLATE 

# 

SIZE 

(INCH2) 

THCK 

(INCH) 

HjH| 

/SjU 

Esme 

ACCEPT 

(FT/SEC) 

P 

/ 

F 

AS  IS 

2 

12x36 

1.233 

2183 

— 

2116 

P 

ROLLED  TO 
1.1 

C3750 

LEI 

ESI 

1.032 

1690 

2077 

— 

1780 

F 

P 

ROLLED  TO 
1.1 

C3750 

LE2 

12x12 

1.092 

1800 

— 

1886 

F 

ROLLED  TO 
1.1 

C3750 

LE3 

12x12 

1.0S6 

— 

3653 

3480 

P 

TABLE  12  ^ 

BALLISTIC  RESULTS  FOR  LURh’f'S  STEEL  PLATES 


20mm  M602  at  0°  OBLIQUITY  or  30mm  1/2  SCALE  at  0°  OBLIQUITY 


COMMENTS 

i 

HEAT 

# 

PLATE 

# 

SIZE 

(INCH2) 

THCK 

(INCH) 

AS  IS 

C0815 

3  A 

1 .378 

ROLLED  TO 
1.  1 

C0815 

LG1 

12x12 

1 . 089 

ROLLED  TO 
1.  1 

C0815 

LG  2 

12x12 

1.090 

AS 

RECEIVED 

COS  1 5 

LG  3 

12x12 

1.385 

TABLE  12G 

BALLISTIC  RESULTS  FOR  LUKENS  STEEL  PLATES 


1 

j  2  0mm  M602  at  0°  OBLIQUITY  or  3  0mm  1/2  SCALE  at  0°  OBLIQUITY 

COMMENTS 

HEAT 

# 

PLATE 

# 

SIZE 

(INCH2) 

THCK 

(INCH) 

mstt 

■ 

3  0mm 
1/2 

Vi0 

(FT/ 

SEC) 

ACCEPT 

V5o 

(FT/SEC) 

I 

AS  IS 

C2029 

3  AA 

12x36 

1 .  373 

raa 

— 

2330 

P 

ROLLED  TO 

1 .  1 

C2029 

LH1 

12X12 

1.091 

1801 

— 

1885 

■ 

ROLLED  TO 
1. 1 

C2029 

LH2 

BBS 

1.082 

— 

3520 

3468 

rP 

_ 

AS 

RECEIVED 

C2029 

LH3 

12X12 

1.382 

— 

M 

CD 

O 

■■ 

fl 

TABLE  13 


r  '  1,1 

PROPOSED  BALLISTIC  REQUIREMENTS  FOR  MIL-A-46I00 

PROJECTILE 

(CALIBER) 

OBLIQUITY 

(DEGREES] 

THICKNESS  RANGE 
[ INCHES] 

CAL  0.30  AP  M2 

30 

0. 125-0.315 

CAL  0.50  AP  M2 

30 

0.316 -0.590 

14.5mm  API  B32 

30 

0. 591-0.875 

1/2  SCALE  30mm  APDS 

0 

0.876-1.485 

20mm  API -T  M602 

0 

1.486-2 . 100 
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CSTA  DATA  ON  MIL-A-46100  REVISIOr 
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APPENDIX  A 


PROCESSING 

-  Charge  make-up  for  750  lb.  heat. 

-  Induction  melting  into  ingots. 

-  ESR  two  (2)  billets,  8"  x  8"  x  20". 

-  Slabbing  billets  to  3"  x  16"  x  24". 

-  Rolling  slabs  into  plates  (working  temperature  =  2100°F. 


HEAT  TREATING 

-  Normalize  at  1700°F  for  1  hour  then  air  cocl. 

-  Austenitize  at  1550°F  for  1  hour  then  water  quench. 

-  Snap  temper  at  280°F  for  1  hour  then  air  ccol. 

-  Tamper  at  425°F  for  1  hour  then  air  cool. 

Note:  For  plates  thicker  than  1.1,  the  time  at  temperature  was  increased 
to  1.25  hours  to  insure  through  temperature. 


No.  of 
Copies 


DISTRIBUTION  LIST 


To 


1  Office  of  the  Under  Secretary  of  Defense  for  Research  and  Engineering,  The  Pentagon, 
Washington,  DC  20301 

Director,  U.S.  Army  Research  Laboratory,  2800  Powder  Mill  Road,  Adelphi,  MD  20783-1  197 
1  ATTN:  AMSRL-OP-SD-TP,  Technical  Publishing  Branch 
1  AMSRL-OP-SD-TA,  Records  Management 

1  AMSRL-OP-SD-TL,  Technical  Library 

Commander,  Defense  Technical  Information  Center,  Carneron  Station,  Building  S, 

5010  Duke  Street,  Alexandria,  VA  23304-6145 

2  ATTN:  DTIC-FDAC 

1  MIA/CiNDAS,  Purdue  University,  2595  Yeager  Ro3d,  West  Lafayette,  IN  47905 

Commander,  Army  Research  Office,  P.0.  Box  12211,  Research  Triangle  Park, 

NC  27709-221  1 

1  ATTN:  Information  Processing  Office 

Commander,  U.S.  Army  Materiel  Command,  5001  Eisenhower  Avenue,  Alexandria,  VA  22333 
1  ATTN:  AMCSCI 

Commander,  U.S.  Army  Materiel  Systems  Analysis  Activity,  Aberdeen  Proving  Ground. 

MD  21005 

1  ATTN:  AMXSY-MP,  H.  Cohen 

Commander,  U.S.  Army  Missile  Command,  Redstone  Arsenal,  AL  35809 
1  ATTN:  AMSMI-RD-CS-R/Doc 

Commander,  U.S.  Army  Armament,  Munitions  and  Chemical  Command,  Dover,  NJ  07801 
1  ATTN:  Technical  Library 

Commander,  U.S.  Army  Natick  Research,  Development  and  Engineering  Center 
Natick,  MA  01760-5010 
1  ATI  N:  SATNC-MI,  Technical  Library 

Commasnder,  U.S.  Army  Satellite  Communications  Agency,  Fort  Monmouth,  NJ  07703 
1  ATTN:  Technical  Document  Center 

Commander,  U.S.  Army  Tank-Automotive  Command,  Warren,  Ml  48397-5000 
1  ATTN:  AMSTA-ZSK 
1  AMSTA-TSL,  Technical  Library 

President,  7  rbo'  e,  Electronics  and  Special  Warfare  Board,  Fort  Bragg,  NC  28307 
1  ATTN:  Li b r . 

Director,  U.S.  Army  Research  Laboratory,  Weapons  Technology,  Aberdeen  Provinq  Ground, 
MD  21005-5066 
1  ATTN:  AMSRL-WT 
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To 


No.  of 
Copies 

Commander,  Dugway  Proving  Ground,  UT  84022 
1  ATTN:  Technical  Library,  Technical  Information  Division 

Commander,  U.S.  Army  Research  Laboratory.  2800  Powder  Mill  Road,  Adelphi,  MD  20783 
1  ATTN:  AMSRL-SS 

Director,  Benet  Weapons  Laboratory,  LCWSL,  USA  AMCCOM,  Watervliet,  NY  12189 
1  ATTN:  AMSMC-LCB-TL 
1  AMSMC-LCB-R 

1  AMSMC-LCB-RM 

1  AMSMC-LCB-RP 

Commander,  U.S.  Army  Foreign  Science  and  Technology  Center,  220  7th  Street,  N.E., 
Charlottesville,  VA  22901-5396 

3  ATTN:  AIFRTC,  Applied  Technologies  Branch,  Gerald  Schlesinger 

Commander,  U.S.  Army  Aeromedical  Research  Unit,  P.O.  Box  577,  Fort  Rucker,  AL  36360 
1  ATTN:  Technical  Library 

U.S.  Army  Aviation  Training  Library,  Fort  Rucker,  AL  36360 
1  ATTN:  Bunding  5906-5907 

Commander,  U.S.  Army  Agency  for  Aviation  Safety,  Fort  Rucker,  AL  3636 
1  ATTN:  Technical  Library 

Commander,  Clarke  Engineer  School  Library.  3202  Nebraska  Ave.,  N„  Fort  Leonard  Wood, 

MO  65473-5000 
1  ATTN:  Library 

Commander,  U.S.  Army  Engineer  Waterways  Experiment  Station,  P.O.  Box  631,  Vicksburg, 
MS  39180 

1  ATTN:  Research  Center  Library 

Commandant,  U.S.  Army  Quartermaster  School,  Fort  Lee,  VA  23801 
1  ATTN:  Quartermaster  School  Library 

Naval  Research  Laboratory,  Washington,  DC  20375 
1  ATTN:  Code  6384 

Chief  of  Naval  Research,  Arlington,  VA  22217 
1  ATTN:  Code  471 

Commander,  U.S.  Air  Force  Wright  Research  and  Development  Center,  Wright-Patterson 
Air  Force  Base,  OH  45433-6523 
1  ATTN:  WRDC/MLLP,  M.  Forney,  Jr. 

1  WRDC/MLBC,  Mr.  Stanley  Schulman 

U.S.  Department  of  Commerce,  National  Institute  of  Standards  and  Technology,  Gaithersburg, 
MD  20899 

1  ATTN:  Stephen  M  Hsu,  Chief,  Ceramics  Division,  Institute  for  Materials  Science 
and  Engineering 


No.  of 
Copies 


To 


1  Committee  on  Marine  Structures,  Marine  Board,  National  Research  Council,  2101  Constitution 
Avenue,  N.W.,  Washington,  DC  2041  8 

1  Materials  Sciences  Corporation,  Suite  2S0,  S00  Office  Center  Drive,  Fort  Washington, 

PA  19034 

1  Charles  Stark  Draper  Laboratory,  555  Technology  Square,  Cambridge,  MA  021  39 

General  Dynamics,  Convair  Aerospace  Division,  P.0.  Bov  748,  Fort  Worth,  TX  76101 
1  ATTN:  Mfg.  Engineering  Technical  Library 

Plastics  Technical  Evaluation  Center,  PLASTEC,  ARDEC,  Bldg.  355N,  Picatinny  Arsenal, 

NJ  07806-5000 
1  ATTN:  Harry  Pebly 

1  Department  of  the  Army,  Aerostructures  Directorate,  MS-266,  U.S.  Army  Aviation  R&T 
Activity  -  AVSCOM,  Langley  Research  Center,  Hampton,  VA  23665-5225 

1  NASA  -  Langley  Research  Center,  Hampton,  VA  23665-5255 

U.S.  Army  Vehicle  Propulsion  Directorate,  NASA  Lewis  Research  Center, 

2100  Brookpark  Road,  Cleveland,  OH  44135-3191 
1  ATTN:  AMSRL-VP 

Director,  Defense  Intelligence  Agency,  Washington,  DC  20340-6053 
1  ATTN:  ODT-5A,  Mr.  Frank  Jaeger 

U.S.  Army  Communications  and  Electronics  Command,  Fort  Monmouth,  NJ  07703 
1  ATTN:  Technical  Library 

U.S.  Army  Research  Laboratory,  Electronic  Power  Sources  Directorate, 

Fort  Monmouth,  NJ  07703 

1  ATTN:  Technical  Library 

Director,  U.S.  Army  Research  Laboratory,  Watertown,  MA  C21  72-0001 

2  ATTN:  AMSPL-OP-WT-IS,  Technical  Library 
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